The sequencing batch reactor (SBR) technology possesses a high process flexibility and treatment efficiency. Unfortunately, up to now most SBR plants are still using fixed timebased sequential control (TSC), which can not react flexibly. Therefore, this paper will focus on instrumentation, control and automation (ICA) for SBR plants, because with the help of modern supervisory control and data acquisition (SCADA) systems and dynamic RTC it is possible to operate SBR plants much more effectively.
Introduction
One of the several types of WWT technologies commonly used in the world (i.e. several thousands), is the SBR technology, where all treatment processes take place in one single reactor. In dependence of diurnal, weekly or seasonal variations in flow rate, load and sludge characteristics it is possible to vary the sequences of the steps and the duration of phases in a cycle. This leads in principle to a high flexibility of the SBR technology. To exploit the advantages of (dump filled) SBR technology like flexibility, high metabolic activity and good sludge settling properties etc. SCADA systems and powerful programmable logic controllers (PLC) are required combined with flexible control strategies. But in many cases the flexibility is not used because most of the SBR plants use fixed TSC.
State of and potential for ICA for SBR plants
The operation of a SBR plant requires automation on the basis of sensor signals and timers. In principle, the same measurement instruments, which are commonly used on continuous flow plants to control and/or to monitor the treatment process, can also be used for SBR plants. E.g.: chemical and biological oxygen demand (COD, BOD), dissolved organic substances (SAC), nitrogen (NO X -N, NH 4 -N, TN), phosphorus (PO 4 -P, TP), dissolved oxygen (DO), sludge characteristics [sludge level (SL), sludge volume (index) (SV/SVI), total suspended solids (TSS)], turbidity, pH, Redox (ORP), water level (WL), temperature (T), flow rate etc. But, up to now most of the sensors, which are used to control the plant, are simple sensors, e.g., flow meters (e.g., to switch over from a dry weather to a rain weather programme in order to increase the hydraulic capacity), water level sensors and overfill safety systems (control of fill and draw phases), DO probes (control of the aerated phase) and temperature. On-line sensors for organic carbon, nitrogen and/or phosphorus are still very rare on SBR plants. If these devices exist, they are used mostly only for the monitoring and not for RTC, although many modern SBR plants are equipped with state-of-the-art SCADA systems and powerful PLC with which it would be possible to implement even complex RTC. But simple fixed TSC strategies are easier to understand and have advantages concerning synchronization of the SBR plants. Furthermore many (small) plants possess out-dated SCADA and/or PLC systems, which can only handle a limited number of process and archive variables;
i.e. in these cases complex RTC strategies can not be implemented. One of the reasons for these deficits is the fact, that most of the SBR plants are small plants (e.g., 75 % of the SBR plants in Germany are < 5,000 p.e.). As a consequence of the ICA limitations (or simplicity and easier understanding) almost all of the existing SBR plants are still using fixed TSC, which can not react flexibly. But, because of the following reasons it appears reasonable to operate SBR plants with process-dependent RTC:
The SBR technology has a high process flexibility and treatment efficiency if the cycle duration, the duration of the different phases and the VER are adapted to the current requirements by using RTC. Furthermore, SBR can hold treated wastewater for testing before being released.
A lot of SBR plants are designed on the basis of static dimensioning approaches for unfavorable operational conditions, e.g., a combination of low wastewater temperature, high pollution load, and high SVI. In reality, the operational values are usually much better than the comparable design values. So, many SBR plants possess a lot of potential for optimization (Steinmetz et al., 2002) .
A lot of SBR plants are operated with a dump fill strategy. That means, high and low concentrations of readily biodegradable substrates alternate during each cycle. Consequently, a SBR plant with a dump fill strategy reacts less sensitive to shock loads (Wilderer et al., 2001) , which might be caused by first flush effects or the emptying of stormwater tanks. Furthermore, many SBR plants are equipped with an influent buffer tank, which can equalize high pollution loads caused by first flush effects etc.
Due to the dump fill strategy, an excess growth of filamentous bacteria is suppressed (Wilderer et al., 2001) . Consequently, the sludge settling characteristics of a SBR are usually good. The conditions for the biomass separation after the end of the treatment process are ideal, because of the fact, that the sedimentation process is uncoupled from the influent situation. So, it is possible to reach very low TSS concentrations in the effluent of the reactors even during phases of high hydraulic load. This especially applies, when SL or TSS sensors are used to control the decant process. Furthermore free time of the settling phase can be used for biological processes.
The optimization potential depends on several factors (influent load, wastewater temperature and sludge settling characteristics etc.), but these parameters can vary strongly and rapidly. With the help of RTC it is possible to react to changing conditions. Depending on the actual operating conditions, it can be useful to use different optimization criteria (e.g., increase of treatment capacity vs. energy saving).
In order to use the potential of SBR technology the implementation of process-dependent RTC can be helpful in many cases, like:
SBR plants with a combined system: There is a strong indication that it is possible to reduce the total emissions from combined sewer overflows and SBR plants during rainfall events as well as the total costs by operating both systems depending on their current capacities. Thus, integrated RTC is promising considering environmental and economic aspects, even for rural catchments with less than 10,000 p.e. (Wiese et al., 2005a) .
SBR plants with a separate system: In some separate sewer systems storm-generated sanitary sewer overflows can take place (Field and O'Connor, 2002) , which can cause problems for receiving waters. In such cases, the use of the plant-inherent potentials with the help of PSC in order to increase the treatment capacity can also be interesting.
Overloaded SBR plants: By using a process-dependent controller it is also possible to increase the treatment capacity of significantly overloaded SBR plants. Eventually, in some cases it is also possible to avoid structural enlargements (Steinmetz et al., 2002) .
In case of sensitive receiving waters, some government authorities define very austere limits for effluent concentrations (e.g., < 5 mg/l NH 4 -N in a 2 hours composite sample). The practice shows that in critical load situations (e.g., dischargers from agricultural companies) it is often not possible to stay below the official effluent limits with TSC.
Some countries (e.g., FRG) have introduced emission taxes to create financial incentives for a reduction of environmental pollution. By using dynamic RTC it is possible to reduce the organic carbon, nitrogen and phosphorus emissions and thus to reduce emission taxes.
In most countries the task of WWT still lies in the responsibility of the respective municipality; i.e. most of the WWTPs are operated autonomously. But, due to an increasing pressure of costs, more and more municipalities are working together or hand over the operation to specified companies. In this context the automation of (small) plants wins more and more importance. Many small plants are already operated automatically and are often unmanned. These plants are equipped with SCADA systems, remote video cameras, numerous on-line devices; all these systems are connected to a management center. So, the company staff comes only for routine work or in case of malfunction on the plant.
Research and development in the field of ICA for SBR plants
Since recent years, many researchers are working in the field of ICA of SBR processes. Demoulin et al. (1997) (full-scale), Tomlins et al. (2001) (pilot-scale) and Yu et al. (1997) (lab-scale) developed RTC strategies based on ORP and DO. The data of the sensors were used to adapt the set-points of the aeration. E.g., by using this control strategy Yu et al. were able to reduce the duration of the aerated phase by 42 % in comparison with a TSC. Puig et al. (2005) (pilot-scale) presented a controller based on OPR, DO and pH. Cohen et al. (1997) (full-scale) used an artificial neural network to adapt the cycle duration of WWTP Morrinsville (New Zealand). Hamamoto et al. (1997) (lab-and full-scale) presented a fuzzycontroller based on DO, pH, ORP and WL. The controller was used to adapt the duration of mixed and aerated phases; the duration of the SBR cycle was not adapted. Peng et al. (2001) and Kim et al. (2005) (both lab-scale) developed also fuzzy-controllers (DO, pH, ORP). Rubio et al. (2004) described a RTC strategy (pilot-scale), which is based on T, DO, pH and ORP; a Case-Based Reasoning tool is used to improve the performance and reliability of the controller. Langergraber et al. (2004) (pilot-scale) presented a RTC strategy based on an online UV/VIS spectrometer. Fiocchi et al. (2005) developed a monitoring system for a pilot-scale SBR, which is based on set-point titration. Alex and Tschepetzki (2001) presented results of a complex process-dependent RTC (adaptation of aerated phase, dosage of precipitants and carbon sources) for WWTP "Nuerburgring" (Germany) (full-scale). Wiese et al. (2005b) presented an integrated process-dependent controller for a SBR plant with a combined sewer system (see full-scale example). Most of the projects are carried out only in lab/pilot-scale (some with artificial wastewater), so that problems may occur, when transferring the strategies to the rapidly changing conditions of full-scale operation. The main focus of many investigations lies on the optimization of partial stages like aeration time, fill strategy or cycle duration. Only few investigations deal with the optimization and variation of the whole cycle strategy (variation of the sequences and the duration of phases in a cycle) in dependence of (fast) changing conditions.
Starting points for dynamic RTC of SBR plants

SCADA and PLC systems
Because of the technical progress in electrical engineering SCADA systems (25,000 -30,000 EUR) and PLCs have become powerful tools, which are affordable even for small plants (< 5,000 p.e.). Modern systems were designed according to the principles of PC-based automation, modularity, flexibility, scalability and openness. I.e. many of these systems offer a broad range of communication channels (e.g., fieldbus, Industrial Ethernet), programming interfaces (e.g., VBA, C-Script), standard inter-faces (e.g., Active-X, OLE, OPC), database interfaces (e.g., SQL, ODBC, OLE DB), add-ons (e.g., multi-user systems with Web clients; tools for operating and monitoring a plant via Internet or LAN; tools for signalling of faults by means of telecommunication) etc. Thus RTC, documentation and storage of signals, the supervision of sensors etc. is today much easier than a few years ago. If a SBR plant is equipped with a modern PLC/SCADA system, it is possible to implement even very complex RTC with hundreds or even thousands of process and archive variables. Otherwise, one must test carefully whether it is technically possible (and economically reasonable) to develop a dynamic RTC. Where appropriate, a modern SCADA/PLC system must be retrofitted.
Switch over from dry weather to rain weather operation
In case of high hydraulic loads it is often necessary to reduce the cycle duration and thus to increase the hydraulic capacity of the plant. On most plants data from the influent flow meter or from the water level in the buffer tank and/or SBRs are used to switch over from dry weather (e.g., 8 h cycle) to rain weather operation (e.g., 6 h cycle) and vice versa. In order to react as early as possible, it is also possible to embed rainfall data (e.g., from digital rain gauges, radar data) and sewer data (e.g., water level in a stormwater tank) in the controller.
Control of nitrification and denitrification
The aerated react phase is normally controlled by DO sensors. It is also possible to control the aerated phase by NH 4 analyzers to reduce the energy consumption and to make sure that the NH 4 -N concentration is clearly below the effluent limit at the end of the treatment process. In case of official effluent limits > 5 mg/l NH 4 -N it is also possible to control nitrification and denitrification based on NO 3 -N probes and DO. A NO 3 -N probe can also be used to adapt the duration of static fill and mixed react as well as VER (e.g., dry weather flow: the VER can be reduced to improve denitrification and to reduce energy consumption; wet weather flow: the VER can be increased to maximize the hydraulic capacity). One can find many examples for RTC for lab-/pilot-scale based on indirect parameters (IP) like DO, pH and ORP (see above). However, in practice these RTC strategies are not widely used any longer; according to the authors experience because of the following reasons:
The influent load situation (hydraulic, pollution) can vary strongly and rapidly. The practice shows, that it is often (e.g., during combined sewage flow) not possible to identify important operating states (nitrate knee, ammonia valley etc.) reliably.
Lack of transparency: It is not possible to calculate the NO 3 -N, NH 4 -N and PO 4 -P concentrations reliably based on indirect sensors. Consequently, in some countries with environmental protection laws and emission taxes (e.g., FRG) the government authorities as well as the plant operators prefer direct parameter sensors for monitoring and control. Furthermore it is easier for the operators to understand the process with direct parameters.
IP sensors are still cheaper than direct parameter sensors (Table 1) , but the direct parameter sensors become more and more favorable and more reliable (e.g., in the last 10 years, the costs for NH 4 -N and PO 4 -P photometers decreased by more than 50%). Furthermore, it is much more difficult and time-consuming to fit a complex controller based on indirect parameters than a controller, which is based on direct parameters. This is a disadvantage, because in many industrial countries the labour costs for ICA specialists are very high (1,000 -2,000 EUR per day). 
Control of biological and chemical phosphorus removal
In order to improve the biological phosphorus removal, the duration of anaerobic and aerated phases can be controlled by a PO 4 -P analyzer. To further reduce the emissions, it is also possible to retrofit the plant with a chemical precipitant tank. The PO 4 -P analyzers can be included in RTC to improve phosphorus removal and to minimize precipitant consumption.
Settle, draw and excess sludge (ES) control
Even a small sludge displacement from a reactor into the effluent can cause an exceeding of COD and TP limits. Consequently, the duration of settle and draw is usually dimensioned for unfavourable operational conditions (e.g., high SVI). As a consequence of the static dimensioning, the duration of these phases takes often in total 2.0 -2.5 h. In reality, the sludge characteristics are usually much better than the design values. Consequently, in many cases RTC for the optimisation of settle and draw is economically and ecologically reasonable. Such a RTC strategy can be based on SL and/or TSS (and/or turbidity) probes. The determination of SV/SVI in a SBR plant is very fault-prone. Hence, a SV sensor can be very useful to determine SV/SVI. Due to the high accuracy of the sensors (ca. 7,000 EUR) (Simon et al., 2005) , it is also possible to include this probe into the control strategy (e.g., adaptation of the duration of settle and draw, a TSS and/or SV-based excess sludge control strategy). SBR can hold treated wastewater for testing before being released. This especially applies when online sensors and analyzers for NH 4 -N, NO 3 -N and PO 4 -P are used. In extreme cases, it is possible to skip over the decant phase completely (e.g., in case of inadmissible high effluent concentrations). In case of very low effluent limits for organic carbon (< 40 mg/l COD in a grab sample) it can be useful to control the decant phase by using online sensors for organic carbon (e.g., a combination of a SAC and TSS probe). In many SBR plants the SV is still an important parameter for operators when calculating the amount of ES which has to be withdrawn. The automated measurement of SV allows the implementation of RTC strategies similar to the manual methods used by the operating personnel so far. It is also possible to control the excess sludge by installing an inductive flow meter (IFM) and a TSS probe in the excess sludge pipe. Wiese et al. (2005b) developed another control strategy: In order to guarantee, that the aerobic digestion is not deteriorated in case of short cycle durations (3 -4 h), the (aerobic) sludge retention time (SRT) is estimated automatically by using the following online sensors: O 2 , NO 3 -N, MLSS and TSS/IFM in the excess sludge pipe. The calculated SRT is used to control the ES.
Control of influent and effluent buffer tanks
Many SBR plants are equipped with influent and/or effluent buffer tanks. In order to use the tanks more efficiently, it can be useful to control these tanks. E.g., in combined sewer systems it can be helpful to build up an integrated RTC for CSO storage tanks in the sewer system, and the influent pump station and/or influent buffer tank of the SBR. In case of small and sensitive receiving waters it can be useful to control the effluent buffer tank in order to reduce the hydraulic peaks in the effluent of the plant.
Full-scale example
In 2004, the authors developed a dynamic RTC for WWTP "Messel" (5,000 p.e., FRG) to make extensive use of the plant-inherent optimization potential. The new process-dependent controller (PDC) is based on a sequential controller with 18 steps, but by using numerous feedback control strategies it is possible to adapt the duration of the different phases to the operating conditions: The aerated react phase is controlled by NH 4 analyzers. Static fill phase, mixed react and VER are controlled by NO 3 probes. The controller for settle and draw is based on SL and TSS probes. Different control strategies were developed to optimize the management of influent and effluent buffer tanks. The SRT is estimated automatically (see above). For safety reasons (e.g., in case of a malfunction of an analyzer), minimum and maximum durations are defined for each of the 18 steps. In extreme cases, it is also possible to skip over individual steps completely (e.g., anaerobic and anoxic phases during high hydraulic loads; settle and draw in case of inadmissible high effluent concentrations). Depending on the current pollution load and the current situation, the cycle duration varies between 3.5 hours (e.g., combined sewage flow with a low pollution load) and 11 hours (e.g., high pollution load caused by illegal dischargers) (old TSC: 8 h dry weather cycle, 6 h wet weather cycle). The synchronization of the reactors occurs automatically to avoid critical situations (e.g., both reactors decant). The full-scale operation of the new PDC was started in January 2004. The results are very good: The conversion into practice occurred without any major problems. The online measuring instruments are very reliable. The permanent treatment capacity was increased from 210 up to 310 m 3 /h (ca. + 50 %). Although the treatment capacity was increased strongly, no significant rise of energy consumption could be observed. The raised energy consumption of the pumps could be compensated by an energy saving during the aerated phases. As shown in figure 1 the TN, NH 4 -N and TP treatment efficiency achieved with the PSC is much better than with the old RTC. Average effluent concentrations (PSC): 21 mg/l COD, 17.4 1/m SAC, 4 mg/l BOD 5 , 0.1 mg/l NH 4 -N, 2.6 mg/l NO 3 -N, 1.5 mg/l PO 4 -P. The official effluent limits (2 h CS: 3 mg/l NH 4 -N, 45 mg/l COD, 9 mg/l BOD 5 ) were not exceeded. Maximum values: 37 mg/l COD, 24.4 1/m SAC, 7 mg/l BOD 5 , 2.5 mg/l NH 4 -N, 10 mg/l NO 3 -N, 3.3 mg/l PO 4 -P. The aerobic digestion of the activated sludge was not deteriorated. For details see Wiese et al. (2005a) . 
Future trends in ICA on SBR plants
Industrial Mobile Communications (IMC)
Industrial Mobile Communication (e.g., based on the 802.11 -Wireless LAN standard) becomes more and more important in different industries. Steinmetz et al. (2005) show that mobile information systems can also be helpful for the staff of WWTPs. With the help of these mobile devices it is possible to display all available information related to buildings, devices etc. and/or work processes (e.g. maintenance etc. of measurement devices) which is especially helpful for remote plants. The implementation of such an IMC network for a SBR plant with 20,000 p.e. (incl. one rugged, splash-proof and dust-tight mobile industrial communicator, a web navigator tool for the SCADA system, four Wireless LAN (802.11 b) access points) costs between 7,000 -10,000 EUR.
Adaptive and multivariable controller, artificial intelligence etc.
As mentioned before, common RTC for SBR plants today are still almost exclusively based on conventional controllers, like two-position or time-based sequential controller; mostly manual intervention by the plant operators is also necessary. Because of the complex dynamics and structures of SBR plants these controllers are often not sufficient. If SBR plants should be operated close to the capacity limit, while at the same time minimizing operating costs as well as the emissions, the consideration of the boundary conditions in the controller strategy is absolutely essential. In these cases, it is necessary to use complex controllers, which are based on model predictive control, soft sensors, multivariable and/or multi-objective decisions and often artificial intelligence (Wiese et al., 2005b) .
Conclusion and Outlook
Despite the fact, that the ICA level of SBR plants was continuously improved during the last decade, the flexibility of SBR technology is still not used in most cases. This particularly applies for small SBR plants. Nevertheless, the authors derive from the described trends and economic and ecological benefits of process-dependent RTC that the use of ICA on SBR plants is only at the beginning. In many cases complex ICA strategies can be achieved with relatively low investment and operating costs. So, the improvement of ICA for full-scale SBR plants will be a challenging task for the next decade.
